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First-principles studies of two-dimensional transition metal dichalcogenides have contributed con-
siderably to the understanding of their dielectric, optical, elastic, and vibrational properties. The
majority of works to date focus on a single material or physical property. Here we use a single
first-principles methodology on the whole family of systems, to investigate in depth the relation-
ships between different physical properties, the underlying symmetry and the composition of these
materials, and observe trends. We compare to bulk counterparts to show strong interlayer effects
in triclinic compounds. Previously unobserved relationships between these monolayer compounds
become apparent. These trends can then be exploited by the materials science, nanoscience, and
chemistry communities to better design devices and heterostructures for specific functionalities.
Since the discovery of graphene [1], the search for
useful two-dimensional materials [2–4] as components
of more complex electronic [5–8] or electro-optical de-
vices [9, 10] has expanded significantly. Many two-
dimensional materials display unique properties, and one
can combine the individual layers [11–15] as building
blocks to produce increasingly complex devices [16, 17].
Recent studies have demonstrated the power of density
functional theory (DFT) [18] in identifying novel two-
dimensional materials that have useful electronic and op-
tical properties [19–22] and density functional perturba-
tion theory (DFPT) in determining the stability and vi-
brational properties of these materials [23, 24].
There is a significant amount of work, both experi-
mental [25–31] and theoretical [32–37], focusing on how
the properties of transition metal dichalcogenide (TMD)
monolayers differ from their bulk counterparts. However,
even with this copious amount of experimental and theo-
retical work, no wide-ranging analysis of the vibrational
and dielectric properties of the monolayer compounds,
and no systematic comparisons of these properties with
their bulk counterparts, exist. Such an analysis is essen-
tial to understand and appreciate the unique properties
that the monolayers and their bulk counterparts have.
In these layered materials, the interlayer interaction is
generally weak compared to the intralayer one [38, 39].
Consequently, one expects the intrinsic chemistry of
the constituent layers to remain relatively unaffected by
stacking. To some extent, the physical properties of the
bulk or van der Waals (vdW) heterostructures should be
related to the properties of the individual layers. Failures
of this approximation include the recent discovery of su-
perconductivity in bilayer graphene twisted at a specific
angle [40], superconductivity in bilayer graphene/h-BN
layers [41], and the ultralow thermal conductivity in dis-
ordered, layered, WSe2 [42]. Additionally, when vdW
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layers are stacked during device construction, one or both
of the lattices may compensate by expanding or contract-
ing, to maximize the interlayer interactions at the ex-
pense of elastic energies [43]. This can result in the for-
mation of a moire´ pattern, and possible associated mod-
ification of electronic properties [16, 44–48], as observed
for example in MoS2-WSe2 vdW-heterostructure [49].
Knowledge of the structural properties of the monolay-
ers leads to better device construction and orientation
by taking into account the nature of each material (e.g.
elasticity, dielectric response...).
The theoretically-predicted vibrational properties can
easily be compared to Raman and Infrared spectroscopy
experiments [50, 51] in order to identify the number of
layers, strain states, and certain defect states. The re-
lated dielectric properties are critical as they relate di-
rectly to the electro-optical properties of these materi-
als. With this in mind, we investigate systematically the
physical, electrical, dielectric, and optical properties for
the most common and stable TMD monolayers. These
include the in-plane lattice parameters, the thickness of
an individual layer, electronic energy gap, binding en-
ergy, and the elastic, dielectric, Born effective charge,
piezoelectric, and non-linear optical tensors.
In this article, we focus on the most common and stable
TMDs, which cover the three different symmetry classes:
hexagonal (h) -TMDs: MoS2, MoSe2, MoTe2, WS2, and
WSe2; trigonal (t) -TMDs: TiS2, TiSe2, TiTe2, ZrS2,
and ZrSe2; and triclinic (tc)-TMDs: ReS2, ReSe2, and
TcS2. This allows us to determine the effects of chemical
composition and the local environment. We find both
expected trends and new ones in the elastic, dielectric
and vibrational properties. In particular, in the triclinic
compounds, Young’s modulus increases with the mass of
the transition metal, which is counter intuitive. Further-
more, some of these compounds are only 2-3 times stiffer
than graphene, and thus much less so than MoS2, which
had previously led the community to believe that TMDs
were unadapted to flexible electronics. In the main text
below, a single sulfide member from each structural fam-
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FIG. 1. (Color online) Sketch of a generic monolayer (a) h-TMD, (b) t-TMD, and (c) tc-TMD where the transition metal is
given in blue and the chalcogen atoms are in red. (d) The Brillouin zone for the h and t compounds in two dimensions and (e)
the Brillouin zone for the tc compounds in two dimensions.
ily is given as an example alongside the aggregate trends.
Details on the remaining materials can be found in the
supplemental materials (SM) [52].
I. CALCULATION METHODS
To determine the properties of our chosen materials,
DFT [18, 53] and DFPT [54–56] calculations are under-
taken using the Abinit software package [57–59]. Con-
sideration of the usual DFT approximations (pseudopo-
tential, exchange-correlation, dispersion correction, and
spin-orbit coupling) is summarized in Ref. [60] for the
bulk counterparts of these systems, and are systemati-
cally checked during our investigations of the monolay-
ers.
For our calculations, we have used the GGA-PBE
exchange-correlation functional and Trouiller-Martins
pseudopotentials [18, 61, 62], generated with the fhi98pp
code for all elements except W and Ti. In the case of W,
we exploit a pseudopotential generated with the Opium
code [63], which produces accurate relaxed lattice pa-
rameters, while for Ti, we use an ONCVPSP [64] gen-
erated pseudo-potential, which correctly reproduces the
Kohn anomalies in the corresponding materials. Long-
range dispersion forces are included using Grimme’s
DFT-D3 scheme [65], as implemented in Abinit, for
both the ground-state and response-function parts of the
code [66, 67]. All electronic and response-function com-
putations use the relaxed geometries. The residuals for
the ground-state and first-order wave-function were con-
verged below 10−18 and 10−10, respectively. We perform
convergence studies of the energy cut-off and the recip-
rocal space k sampling using a Monkhorst-Pack grid [68]
such that the total energy change was less than 0.01 meV.
These studies provide a range of energy cut-offs between
20 and 50 Ha, depending on the atomic species as out-
lined in the SM [52], and a k-point mesh of 8×8×1. Dur-
ing structural relaxation, we use the Broyden-Fletcher-
Goldfarb-Shanno minimization procedure [58] to relax
the positions and unit cell simultaneously, with a maxi-
mum force below 1.0× 10−7 Ha/Bohr.
Our calculated Raman spectra and nonlinear optical
tensor [69], use LDA exchange-correlation for calculation
of the third derivative of the exchange-correlation part
of the energy [70]. We have rescaled the Raman inten-
sities by their maximum value: usually experiments do
not report absolute values and only relative differences
in intensity are comparable. In each case, we plot the
Raman frequencies assuming a fixed Lorentz broadening
for the spectral lines of 1.0× 10−5 Ha and a laser wave-
length of 532 nm, a typical frequency used in Raman
experiments [71, 72]. Our plotted Raman data include
in-plane (XX and YY), out-of-plane (ZZ), and powder
averaged spectra, which are calculated assuming a ran-
dom orientation of monolayer flakes, similar to what is
done in Ref. 73.
II. RESULTS AND DISCUSSION
All TMDs consist of a layer of metal atoms packed
between two layers of chalcogen atoms. The monolayer
h-TMDs show 6-fold octahedral coordination (in the form
of a trigonal prism) in the layer and space group P6m2.
In Fig. 1(a) we show a typical h-TMD layer in the xy
and xz planes containing three atoms per unit cell. The
t-TMDs consist of chalcogen atoms forming a trigonal
anti-prism, with space group P3m1, as shown in Fig. 1(b)
where there are two chalcogens and one transition metal
atom per unit cell. Finally, in Fig. 1(c) we show a typical
tc-TMD composed of 12 atoms, grouped into two types
of in-equivalent distorted octahedra, and P1 space group
symmetry. Several authors [76, 84, 85] have noted that
the two-dimensional Brillouin zone of these materials is
similar to the in-plane Brillouin zone of a hexagonal or
trigonal system, as shown in Fig. 1(e). There are in-
equivalent M points on the faces of the Brillouin zone,
due to the difference in lattice vector lengths. In the
band structures and Raman spectra that follows for the
3TABLE I. Properties of monolayer MoS2, ZrS2 and ReS2 with our calculations in the first sub-column, literature values in
the second, and the reference in the third. We report the in-plane lattice parameters, a, and b, the geometric thickness of an
individual layer, d, the in-plane components of the elastic tensor per unit area (cij), Young’s modulus (Ei), Poisson’s ratio
(νij), bending rigidity (κi), Kohn-Sham electronic band gap energy (Eg,) binding energy (Eb), in-plane components of the
dielectric tensor (0ij), optical dielectric tensor (
∞
ij ), and Born effective charges (Z
∗
ii) on the transition metal atom (blue in
Fig. 1), piezoelectric coefficient (e11), non-linear optical coefficient (d16), Debye temperature (θD), average speed of sound
(vavg), and the Helmholtz Free-energy at zero temperature, (∆F (0)).
∗ indicates the predicted gap is indirect, † indicates the
values are divided by 2 for the sake of comparison with other TMDs, f.u. = formula unit and values in brackets correspond to
other first-principles calculations. For the tc-compounds, the two lines of the Born effective charge tensor correspond to the
two in-equivalent transition metal atoms.
MoS2 ZrS2 ReS2
Calc. Lit. Ref. Calc. Lit. Ref. Calc. Lit. Ref.
a (A˚) 3.165 3.200[3.19][19, 74] 3.695 [3.68, 3.67] [19, 37] 6.414
b (A˚) 6.581
d (A˚) 3.186 3.172 [74] 2.967 3.625† [75] 3.541 3.50† [29]
Eg (eV) 1.896 1.85[1.6] [11] 1.449
∗ [1.02∗, 1.2∗][19, 35] 1.442∗ [1.85∗] [76]
Eb (meV/A˚
2) 30.316 [21.6; 28.8] [19] 19.043 [19.0; 24.1] [19] 1.010
c11 (Ha/Bohr
2) 0.082 0.042 0.106
c22 (Ha/Bohr
2) 0.108
c12 (Ha/Bohr
2) 0.018 0.006 0.019
c66 (Ha/Bohr
2) 0.032 0.018 0.004
Ex (Ha/Bohr
2) 0.078 0.110 [77] 0.041 0.102
Ey (Ha/Bohr
2) 0.104
νxy 0.218 [0.25] [78] 0.14 0.182 [0.207] [79]
κx (eV) 10.96 9.93 [80] 5.17 3.09
0xx 20.20 43.35 23.28
0yy 20.85
0xy 0.15
∞xx 19.98 14.48 18.72
∞yy 20.65
∞xy 0.25
Z∗xx (e) −1.088 [−1.004] [81] 6.205 −1.496
−0.532
Z∗yy (e) −0.556
0.296
e11 (×10−10C/m) 2.77 2.9 [82]
d16 (A˚
2/V) 0.406 1.0 [83]
θD (K) 177.48 133.08 86.72
vavg (km/s) 4.068 3.269 [3.4] [36] 3.213
∆F (0)(kJ/mol) 14.567 10.962 46.093
tc compounds, we plot only the path Γ-M-K-Γ, where
M corresponds to ( 12 ,0,0), the a axes of the h, t, and
tc compounds have been aligned, and we use 120 degree
unit cells for h- and t- systems.
The accurate calculation of monolayer properties with
periodic boundary conditions requires a large vacuum to
separate the periodic images. To compare the material
properties which depend on volume, such as the dielectric
tensor, to their bulk counterparts, the unit cell volume
must be rescaled. Similarly, the reduced dimensionality
of the system means that the phonon band structures,
and corresponding density of states, have different fre-
quency dependencies in two- and three-dimensions. This
dimensionality manifests itself in a distinct quadratic
acoustic mode in the phonon band structure and as an
apparent logarithmic divergence in the thermal proper-
ties of the system. In reality, the divergences of the ther-
mal properties are suppressed by this quadratic ZA mode
which plays a dual role as a significant source of occu-
pied phonon states and as a scattering source as shown
for graphene [86, 87]. We do not present thermal prop-
erties here as our calculations stay at the harmonic level
in Abinit.
In Table I and Fig. 2(a) and (b), we show our calcu-
lated in-plane lattice parameters with the corresponding
available literature data [37, 74, 88–94]. The lattice pa-
rameters should be compared to their bulk counterparts
(MoS2: 3.162 A˚, ZrS2: 3.687 A˚, ReS2: 6.420 and 6.587
A˚) [60] and show only slight changes (0.2%) of the in-
plane lattice parameters in Fig. 2(f). For the tc com-
pounds, the calculated angle between the a and b lattice
vectors is 60.2 degrees. The thickness of an individual
layer, d, defined here as the vertical distance between the
outermost chalcogen atoms, compares favorably to exper-
imental data on free-standing layers for the h compounds,
and gives a reasonable comparison to half the experimen-
4tally measured thickness in measurements of monolayers
on substrates [29, 75, 95–97]. Note that the observed
differences between our calculated thickness and half the
experimental thickness are most likely due to the chang-
ing interaction between the monolayer and substrate.
The binding energy Eb of a given TMD material is
defined as the gain of energy resulting from the stacking
of the corresponding TMD monolayers on top of each
other in the optimal stacking sequence. In other words,
Eb represents the difference in energy between the total
energy of the bulk TMD compound (ET,bulk) and the
number of layers per primitive cell (n) times the total
energy of a monolayer (ET,mono) as
Eb = ET,bulk − nET,mono. (1)
While most of the binding energies for these TMD mono-
layers lie between 20 and 40 meV/A˚2, which is consis-
tent with Ref. 19, the tc-TMD compounds have bind-
ing energies on the order of only 1 meV/A˚2. This small
value is consistent with experimental Raman measure-
ments and DFT interfacial interaction energies, indicat-
ing that the interlayer coupling in the tc compounds is
relatively weak [29, 30, 98]. In Raman measurements
there is only a very small shift in the peak frequencies
between the monolayer and the bulk, and the ZO optical
mode in tc bulk is lower than in MoS2 [29].
The planar elastic constants (per unit area - Table I)
are comparable to their bulk counterparts, when rescaled
to account for the vacuum spacing. In two dimensions,
the only non-zero components of the elastic tensor are
c11, c12, c22 and c66 (c66 = (c11 − c12)/2 for the hexago-
nal and trigonal systems) [99, 100]. A direct comparison
between these elastic tensor components and their bulk
values reveals almost no difference, as is often assumed in
finite element analysis [101]. Our DFT calculations are
an important sanity check for the whole set of common
TMD.
To compare to experiment, we calculate several de-
rived properties such as the Bulk modulus, Young’s
modulus, and Poisson’s ratio, taking into account the
two-dimensional nature of the system as shown in the
SM [52, 99, 102]. Our calculated Young’s modulus agrees
well with experimental measurements on free-standing
monolayers [77, 103].
Of particular interest is the relationship between our
calculated in-plane lattice constant and the components
of the elastic tensor for each symmetry class of com-
pounds. As shown in Fig. 2(e) there exists a roughly
linear relationship between the in-plane lattice parameter
and c11 over the range of compositions and chemistries.
Ref. [104] suggests the decrease in Young’s modulus of
these materials is related to the increase in the lattice
parameter, and the decrease in charge transfer. We have
plotted this first relationship in Fig. 2(g) and demon-
strate that the relationship with lattice parameter holds
for the h- and t-TMDs but not for the tc-TMDs. The
Born effective charge quantifies the charge transfer and
polarizability in these monolayer systems; a comparison
to their bulk counterparts is given in Fig. 2(h) where the
ratio of the monolayer to the bulk Z∗ of Ref. [60] is given.
Fig. 2(h) reveals no difference in these systems for the h-
and t- compounds, but does show a strong scatter in the
Born effective charge in the tc compounds: isolating a
monolayer rearranges the charge and polarizability of the
inequivalent octahedra. As a measure of the static charge
rearrangement, we present the Bader charges of the tc
compounds compared to their bulk values and compare
these with the bulk and monolayer Bader charges of MoS2
in the SM [52]. We find that the Bader charge also dif-
fers between the monolayer and the bulk for the triclinic
compounds, but there is no such difference for MoS2.
It was recently demonstrated [67, 105] that the bending
modes are of critical importance to our understanding of
moire´ patterns in vdW-heterostructures. We calculate
the bending rigidity, κ, using Kirchhoff-Love theory for
thin plates [106] as:
κ =
Ed3
12(1− ν2) (2)
where d is the thickness of the individual layer with
Young’s modulus in GPa. As noted in Refs. [107]
and [108], the definition of the thickness, d, of the thin
plate is potentially ambiguous when dealing with two-
dimensional materials. Experimentally, the thickness of
these materials frequently includes the height of the vdW
gap. However, as we calculate free-standing monolay-
ers, there is no vdW gap and we define the thickness as
the vertical distance between the outermost atoms. This
value is easily calculated in DFT and compares well to
measurements of free-standing layers [80]. With this defi-
nition of the thickness, we agree well with the theoretical
calculations of the bending rigidity of Lai et al. [107].
We calculate the bending rigidity using the larger of the
two in-plane Young’s moduli and the maximum thickness
of the layer, as reported in Table I. The bending rigid-
ity of these compounds is significantly greater than for
graphene (κ = 1.2 eV [109]), with the notable exception
of the tc-TMDs: with their increased internal degrees of
freedom and different sizes of octahedra, the materials
are just two to three times stiffer than graphene, making
them two to three times softer than MoS2, and potential
candidates for flexible optoelectronics.
The piezoelectric tensor can be non-zero, due to the
lack of inversion symmetry, for the h compounds. Our
calculations provide a distinct non-zero component of the
piezoelectric tensor which can be compared to Zhu et
al. [82] and other theoretical results [110], after taking
into account the vacuum spacing.
The calculated Kohn-Sham electron band structures
for our compounds are given in Fig. 3. Monolayer h-
TMDs display both direct and indirect electronic band
gaps agreeing with earlier work [28, 113], and which de-
pend strongly on the residual strain in the system. The
electronic band gaps are given in Table I and denoted
with a star when they are indirect. Good agreement is
found between our calculated band gap energies and ex-
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FIG. 2. (Color Online) Comparison between our theoretical values (th) and literature values (lit) for the principal dielectric
and structural properties of TMDs. h-TMDs are shown as black crosses, t-TMDs as blue stars, and tc-TMDs as red squares (xx
component as empty and yy component as solid squares). (a) the in-plane lattice parameter, (b) thickness of the monolayer, and
(c) band gap energy for the monolayers. The solid gray wedge in (a) - (c) represents ±3% error. In (d) we show the relationship
between the dielectric response and the inverse square root of the calculated energy gap, with the solid line indicating a linear
fit of the semiconducting TMDs for each family. In (e) we show the relationship between the in-plane elastic constants and
the in-plane lattice parameters. (f) and (h) compare monolayers with bulk, for calculated band gap energies and Born effective
charges. Finally, in (g) the calculated Young’s modulus vs lattice parameter is plotted. In (a), (e) and (g) the lattice parameter
of the tc compounds is divided by two for the sake of comparison with other TMDs.
periment [11, 28, 76, 114, 115] for the h-TMDs as shown
in Fig. 2(c). Some of the t-TMDs are metallic while the
tc-TMDs are all semiconducting. The opening of the
electronic band gap when compared to the bulk is given
in Fig. 2(f) showing the ratio of the calculated band gap
of the monolayer, Eg,m, to that for the bulk, Eg,B (from
Ref. [60]) regardless of whether the band gaps are direct
or indirect. For all the non-metallic materials, we find
an opening of the electronic band gap. For the hexago-
nal materials, this is approximately a doubling compared
to their bulk counterparts and agrees with recent work
indicating that, as the number of layers decreases, the
nature of the dielectric environment can change consid-
erably (e.g. Ref. [116]).
Although DFT normally underestimates the bandgap
of bulk materials, it produces relatively reasonable agree-
ment with absorption experiments for the h-TMDs, due
to the confined nature of the exciton [117–121] that
nearly perfectly counterbalances the intrinsic DFT Kohn-
Sham band gap error [122, 123]. The nearly degenerate
conduction band minima found in the h-TMDs indicate
that a small amount of strain can easily change these
materials from a direct gap to an indirect gap semicon-
ductor [27, 124].
To compare our calculated dielectric tensors to their
bulk counterparts, we must once again take into account
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FIG. 3. (Color Online) Calculated Kohn-Sham band struc-
ture for the three example materials with the Fermi energy
shifted to the zero of energy. The band structure is plotted
along a path of high symmetry in reciprocal space.
the vacuum spacing. A comparison between ∞ and the
inverse square root of our calculated band gap energy in
Fig. 2(d) shows the expected linear dependence of these
two quantities [125] with different proportionality con-
stants for each symmetry class. The magnitude of the
Born effective charge tensor in these materials can be
experimentally measured in Infrared reflectivity experi-
ments. The sign of the Born effective charge and its origin
are discussed extensively in Ref. [126] and are counter-
intuitive for the h- and tc-TMDs. The Born effective
charges calculated here agree with previous DFT and
DFPT calculations [81, 127, 128], and with their bulk
counterparts as shown in Fig. 2(h). While no signifi-
cant changes are observed for the h- and t- compounds,
the magnitude (and sign for TcS2) of the Born effective
charge changes for the tc- compounds due to differences
in the charge and polarizability between the monolayer
and the bulk.
We compare our nonlinear optical tensor to experi-
mental work [83, 129] after rescaling to account for the
vacuum spacing, as was done in Ref. [130]. Compar-
isons to other literature results require care, as our calcu-
lated values are the zero frequency limit of the frequency-
dependent non-linear susceptibility. Nevertheless, we
find generally good agreement between our calculations
and experimental measurements [130, 131]. Our calcu-
lations indicate that the nonlinear susceptibilities of the
h compounds change sign when going from S to Se to
Te. The overall size of the tensor element decreases as
the calculated band gap decreases, as was shown in other
work [130].
The thermal and acoustic properties of our compounds
come from calculations of the interatomic force constants
including the dispersion correction [60]. Our calculated
phonon band structures, phonon density of states, and
Raman spectra for the model compounds are shown in
Fig. 4, with experimental Raman frequencies at Γ from
Refs. [11, 28, 30, 71, 89, 111, 115, 132]. Here, the
phonon density of states contributed by the transition
metal atoms is given in blue and the chalcogen atoms in
red. The nearly quadratic behavior near q→ 0 indicates,
as shown in Ref. [133], that there is no internal strain
within these materials after relaxation. The ZA mode
is not purely quadratic as the rotational sum rule is not
imposed explicitly in our calculations. We have investi-
gated the effects of an increased q-mesh density on this
ZA mode and are using a q mesh such that the frequencies
of the ZA mode near q→ 0 are converged to better than
0.1%. Additionally, as reported in Refs. [134] and [135],
we find the LO and TO modes are strongly affected by
the dielectric environment of the two-dimensional layer
for q points near Γ. Our phonon band structures use the
standard 3D Coulomb correction, and the LO-TO split-
ting is unrepresentative of a truly 2D system (Ref. [134]).
Our calculations of the Born effective charges compare
well to other theoretical work [81].
In some of these compounds, our phonon band struc-
tures show Kohn anomalies due to their small or zero
band gaps [136–139]. When compared to their bulk coun-
terparts [60], the Kohn anomalies appear at M for both
bulk and monolayer TiS2 and TiSe2. Whereas in the case
of bulk TiTe2 we find no Kohn anomaly at M in the bulk
but do find the Kohn anomaly at M in the monolayer.
This agrees with the fact that no charge density wave
transition is observed in bulk TiTe2 whereas one was ob-
served in the monolayer [25]. Our calculations agree with
other theory work [140] indicating the relative size of the
Kohn anomaly is a strong function of the smearing used
during the DFPT calculation. Here a smearing of 10K
is used. Additionally, for the tc compounds our calcu-
lated phonon band structures show that they are stable
at Γ, which is consistent with the theoretical predictions
in Ref. [72], and are Raman active [29, 30, 72, 132].
III. CONCLUSIONS
With distinctive crystal symmetries and dimensional
effects, the transition metal dichalcogenides display a va-
riety of properties that can be exploited for future de-
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FIG. 4. (Color Online) Raman spectra, phonon band structure, and phonon density of states of the example materials.
Experimental data from Refs. [30, 31, 111] is shown as points at Γ. The high-symmetry path in reciprocal space is from
Ref. [112]. For the Raman spectra, red lines correspond to XX polarization, green lines to YY polarization, and blue to
ZZ polarization. The black Raman spectra correspond to a powder spectra. In the density of states plots, the blue line
corresponds to the density of states of the transition metal atom, the red line corresponds to the chalcogen atom, and the black
line corresponds to the total density of states.
vice applications. Here our first-principles calculations of
the monolayer TMDs reveal both significant similarities
and differences between monolayer and bulk compounds,
in terms of their electronic and vibrational properties.
These are extremely significant when modeling the elas-
tic/mechanical and dielectric properties of these materi-
als.
The dimensionality of the monolayer systems brings
about changes to many of the physical and electric prop-
erties. The most noticeable changes occur due to the
switch from an indirect to a direct electronic band gap
and, to a lesser extent, the appearance of finite nonlin-
ear optical coefficients and piezoelectric coefficients in the
hexagonal compounds. Likewise, the number and fre-
quency of the Raman and Infrared active modes change
in monolayers compared to bulk (for the h and t com-
pounds). With the reduced dimensionality of the mate-
rials, we find the dynamic charge of the system is nearly
unchanged for the h and t compounds but varies in mag-
nitude and sign for the tc compounds, due to charge re-
arrangement and a reduced interlayer interaction. The
accuracy of our calculations for many of the material
properties when compared to experimental data instills
confidence in our calculation methods: a comparison in
Fig. 2 shows a ±3% error in most compounds compared
to experiment, and often better.
Finally, our calculations of monolayer TcS2 and
ReSe2 indicate that these materials may not be sta-
ble, free-standing, monolayers compounds in the triclinic
phase. When compared to our previous bulk calcula-
tions (Ref. 60), it seems that stacking layers of these com-
pounds may stabilize the triclinic phase, indicating the
inter-layer interaction plays an under-appreciated role in
stabilizing these compounds. With this in mind, our cal-
culations of the vibrational and dielectric properties of
these materials only require stability of the compound at
Γ, which is clearly indicated in the phonon spectra. A
determination of the low temperature phase diagram and
symmetry class of these compounds is beyond the scope
of this work.
In conclusion, we have calculated the vibrational and
dielectric properties of the most common transition metal
dichalcogenides using the Abinit software package, the
DFT-D3 van der Waals functional, GGA exchange-
correlation and norm-conserving pseudo-potentials. Our
calculations for the monolayer compounds are compared
to bulk phases and experimental measurement, and show
excellent agreement. We extract trends and outliers in
the three symmetry classes. It is our hope that this in-
formation can be used as part of a broader effort to engi-
8neer heterostructures that combine the unique properties
of the individual monolayer materials.
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